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SATELLITE OBSERVATIONS OF PARTICLE 

ELUXES AND ATMOSPHERIC EMISSIONS 

Abstract. A survey is given of satellite-borne measurements of 

precipitated particles (in Part I) and of atmospheric emissions 

of light (in Part 11). In Part I the survey shows that while 
there are increasingly comprehensive measurements of particle 

precipitation, the basic dynamical causes are still unknown and 

indeed it is difficult to formulate a definitive experiment in 

this regard. It is known, however, that there is toalways" finite 

precipitation in the auroral zone (just as Part I1 shows that 

there is I'always" some emission of auroral light) so that the 

unknown source must be continuously active. The latitude and 

diurnal variations of electron and proton precipitation are dis- 

cussed in detail. Part I1 summarizes the satellite-borne photo- 

metric studies, which have been thwarted by vehicle failures in 

eight out of twelve studies. Preliminary results of airglow 

studies (all as yet unpublished) are presented. Principal results 

have been obtained to date in auroral studies rather than in air- 

glow. Simultaneous measurements of auroral light and the particles 

exciting it are discussed. Technical advantages and disadvantages 

of satellite-borne photometry are listed, together with promising 

lines of future research. 



PART I: SUMMARY O F  RELEVANT PARTICLE 

MEASUREMENTS MADE FROM SATELLITES 

1. INTRODUCTION 

I n  t h i s  Symposium on Aurora and Airglow (so o f t e n  l i nked  

l i k e  "Tweedledum and Tweedledee"), it i s  w e l l  t o  begin by d i s -  

t inguishing one phenomenon from t h e  o t h e r .  

[1961] 8 "The m o s t  f r u s t r a t i n g  aspec t  of  def in ing  t h e  airglow l i e s  

i n  d i s t ingu i sh ing  it from t h e  aurora." 

approach t h a t  " I f  you can see it, i t ' s  an aurora:  i f  you c a n ' t  

see it, i t ' s  airglow." But c l e a r l y  t h i s  d i s t i n c t i o n  f a i l s  with 

b r i g h t  mid-lat i tude red  a r c s ,  with mantle auroras, and wi th  day- 

t i m e  auroras ,  f o r  example. Therefore,  h e r e  I adopt a d i f f e r e n t  

d i s t i n c t i o n ,  and s t a t e  t h a t  i f  t h e  atmospheric e x c i t a t i o n  i s  due 

t o  d i r e c t  bombardment of atmospheric c o n s t i t u e n t s  by non-thermal 

( "ene rge t i c " )  charged p a r t i c l e s  we  should c a l l  it an aurora,  

(e.g. ,  O'Brien,  e t  a l . ,  1965).  Thus, i n  t h i s  f i r s t  p a r t ,  d i s -  

cuss ions  of  sa te l l i t e  observat ions o f  p a r t i c l e  f luxes  l ead  t o  a 

concent ra t ion  o f  a t t e n t i o n  on t h e  r e l a t i o n  o f  those p a r t i c l e  f luxes  

t o  auroras .  

T o  quote Chamberlain 

One might adopt a simple 

An h i s t o r i c a l  r e v i e w  o f  the  i n t e r r e l a t i o n  of  p a r t i c l e  f luxes  

and auroras  h a s  been given elsewhere [O'Brien,  1964(a)]  and only  

a summary i s  presented  here .  

The f i r s t  d i r e c t  observat ion of  "au ro ra l  p a r t i c l e s "  ( i .e.  t h e  

e n e r g e t i c  p a r t i c l e s  t h a t  bombard t h e  atmosphere t o  cause auroras)  

w a s  m a d e  wi th  rockoons by a group from t h e  S t a t e  Universi ty  of  

I o w a  [Van Allen,  19571. The i a t i t u d e  d i s t r i b u t i o n  of zolinting 

rate o f  a ge ige r  tube a t  an a l - t i tude  o f  =lo0 km was found t o  have 

an "anomalous" increase  around magnetic l a t i t u d e  X M 67 8 i.e. 

i n  t h e  au ro ra l  zone. This increase  can now be understood a s  a 

s t a t i s t i c a l l y - p r e v a l e n t  zone of maximum i n t e n s i t y  o f  " p r e c i p i t a t e d "  

0 
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e l ec t rons ,  i.e. those t h a t  plunge i n t o  t h e  atmosphere from high 

a l t i t u d e s .  

During t h e  same period,  ground-based s t u d i e s  o f  Doppler- 

s h i f t e d  B a l m e r  emissions showed t h a t ,  al though protons wi th  ene rg ie s  

up t o  ~ 1 0 0  kev bombarded t h e  atmosphere during s o m e  auroras ,  they  

d i d  n o t  c a r r y  s u f f i c i e n t  energy f l u x  t o  s u s t a i n  t h e  a u r o r a l  

luminosi ty  (see O m h o l t  summary, 1963) . McIlwain [ 19601 f i r e d  

rockets i n t o  auroras ,  and showed t h a t  t h e  b r i g h t e r  a u r o r a l  d i s p l a y s  

are e x c i t e d  by bombardment by e l e c t r o n s  w i t h  energy of ~1 t o  10 kev. 

The dominant problem then became - where do t h e s e  e l e c t r o n s  come 

from and how do they acqui re  t h e i r  energy and o t h e r  s p a t i a l  and 

temporal c h a r a c t e r i s t i c s ?  

With t h e  discovery of t h e  geomagnetically-trapped r a d i a t i o n  

w i t h  Explorer I € V a n  A l l e n ,  e t  al . ,  19581, a u r o r a l  s t u d i e s  became 

i n t i m a t e l y  interwoven with sa te l l i t e  s t u d i e s  o f  e n e r g e t i c  charged 

p a r t i c l e s  i n  t h e  magnetosphere. The seve ra l  h i s t o r i c a l  develop- 

ments i n  t h i s  r e l a t i o n  have been discussed i n  d e t a i l  elsewhere 

[O'Brien,  1964(a)]  and they may be summarized as: 

(a) discovery and study of p a r t i c l e s  i n  t h e  "loss cone", 

i.e., p r e c i p i t a t e d  p a r t i c l e s  [Krassovsky, e t  al . ,  1962; 

0 'Brien,  19621 ; 

(b) discovery that  t h e  f l u x  of outer-zone trapped e l e c t r o n s  

w a s  one thousand-times smaller than some  previous esti- 

m a t e s  [Gringauz, et  al . ,  1962; O ' B r i e n ,  e t  al., 19621 

and hence t h a t  the Van Allen zone w a s  an inadequate 

r e s e r v o i r  or " l e a k y  bucket" f o r  a u r o r a l  e l ec t rons ,  w i th  

l a te r  v a l i d a t i o n  t h a t  i f  V m  A l l e n  and a u r o r a l  p a r t i c l e s  

w e r e  r e l a t e d  a t  all, it w a s  i n  t h e  na tu re  of a ' 'splash- 

ca tcher"  r e l a t i o n  [O'Brien,  1964 (b) ] : 

(c) discovery of t h e  h igh - l a t i t ude  boundary o f  trapping, 

i t s  local-t ime dependence, and i t s  crude correspondence 
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The 

t o  be as 

h a s  been 

t o  the a u r o r a l  zone [O'Brien, 1964(b)1 and the discovery 

of t h e  magnetopause i n  the e q u a t o r i a l  plane [Freeman, 

e t  al.,  19631; 

discovery o f  t h e  "neu t r a l  sheet" i n  t h e  extended magneto- 

sphe r i c  t a i l  [Ness, e t  a l . ,  19641; 

experimental  v e r i f i c a t i o n  of t h e  ex i s t ence  o f  t h e  col- 

l i s i o n l e s s  shock f r o n t  i n  the e q u a t o r i a l  p lane  [ N e s s ,  

e t  al .  8 19641 . 
charged p a r t i c l e  environment o f  t h e  e a r t h  is  now known 

sketched i n  Figure 1 although very l i t t l e  exp lo ra t ion  

c a r r i e d  o u t  a t  t h e  higher  l a t i t u d e s  between a l t i t u d e s  of 

s o m e  3000 km [O'Brien,  1964(b)] and 17  Re [Bame, e t  al . ,  19661. 

H e r e  I w i l l  no t  embark on t h e  important b u t  very complicated 

problems posed by t h e s e  p a r t i c l e  d i s t r i b u t i o n s  a t  high a l t i t u d e s ,  

nor d e a l  with t h e  problem of a c t u a l l y  t r a c i n g  auroral-zone f i e l d  

l i n e s  back i n t o  t h e  equa to r i a l  p lane  t o  determine i f  they  are 

"open" o r  "closed" [ s e e  N e s s ,  e t  al . ,  1964; Taylor and Hones, 1964; 

D e s s l e r  and Juday, 19651. Ins tead ,  I w i l l  concent ra te  on s a t e l l i t e  

measurements made near  t h e  " f e e t "  of t h e  magnetic f i e l d  l i n e s  a t  

a l t i t u d e s  between about 200 km and 3000 km. Thus, I w i l l  concent ra te  

on t h e  r e l a t i o n  of t h e s e  measurements t o  au ro ras  on an " input-  

ou tput"  basis, and w i l l  on ly  summarize s o m e  of  t h e  broader  ques t ions  

on t h e  o r i g i n s  and causes  o f  particle p r e c i p i t a t i o n .  

2. PARTICLE DYNAMICS 

iin e n e r g e t i c  charged particle must h i t  t h e  atmosphere I n  order  

t o  produce a u r o r a l  luminosity.  Since most auroras  are b r i g h t e s t  

a t  an a l t i t u d e  of about 100 km, t h i s  a l t i t u d e  is usua l ly  chosen 

t o  d e f i n e  (somewhat a r t i f i c i a l l y )  a d i s t i n c t i o n  between " t rapped" 

and "p rec ip i t a t ed I f  p a r t i c l e s .  Thus, t rapped p a r t i c l e s  are those  
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whose high-altitude t ra jector ies  are such that ,  without pertur- 

bation by atmospheric scattering but w i t h  conservation of the i r  

magnetic-moment invariant (p) they would mirror ( i .e, ,  have pitch- 

angle a = 90°) a t  an al t i tude above 100 km. 

that  they would t h u s  have an appreciable probability of mirroring 

without any coll isions,  so that they would bounce back to  the other 

hemisphere, i.e, be trapped, Precipitated par t ic les  are  those that ,  

w i t h  the above assumptions, would tend to  mirror a t  a l t i tudes  below 

100 km. 

It i s  then assumed 

O n e  can thus  define a pitch-angle (a ) a t  any a l t i tude  on a 

given l ine  of magnetic force, such that  par t ic les  with 0 s a % a 

are deemed to  be precipitated, and those w i t h  a 
trapped. O n e  can calculate a a t  any point where the local f ie ld  

strength i s  B by making use of the magnetic-moment invariant which 

may be written (see review by V a n  Allen, 1963): 

D 

D 
< a 5 90° are D 

D 

2 s i n  a = 2 
B 

m 
tory would mirror. Then 

where B is  the f i e l d  strength a t  which the chosen par t ic le  trajec- 

clearly 

2 s i n  a 
D =  

B 

1 

B I O O  km 

Thus, for example, on the f ie ld  l ine  above the rocket range a t  

Fort Churchill, % = 55 

it is  about 14O, and i n  the equatorial plane it would be only about 

2 if one assumed tha t  the geomagnetic f ie ld  was undistorted. 

0 a t  1000 k m  a l t i tude,  while a t  10,000 km 

0 

It is  necessary tt add wards of caution cn the a r t i f i c i a l i t y  

of t h i s  loss cone, his tor ical ly  defined for electrons w i t h  about 

100 kev energy. F i r s t ,  for precipitated electrons, there i s  a 

10 t o  20% probability of Coulomb backscattering from the atmosphere, 

A l s o ,  for low-energy (e-g. 1-10 kev) electrons the a l t i tude  of 
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100 km is actually below the altitude at which they are completely 
absorbed. The loss cone is therefore energy dependent. Further- 

more, for energetic ions subject to temporary and repeated neutral- 

ization by charge exchange, the trajectories need to be calculated 

carefully to allow for the time spent as neutral atoms travelling 

unaffected by the Lorentz force and hence disobeying the magnetic- 

moment invariant (e.g. see Davidson, 1965). This effect leads to 

additional complications for alpha-particles since they can become 

He as well as neutral He. For example, for 100 kev alphas even 

at the relatively high altitude of 250 km, only a few percent still 

retain two positive charges, with the remainder about an equal pro- 

portion of He and He. Consequently, if one wishes to detect primary 

He++ energetic ions above an aurora with electrostatic-deflection 

devices, one must fire rockets or satellites to a far higher altitude 

than the nominal 100 km. Alternatively phrased, the loss cones for 

electrons and for such ions are not identical. 

+ 

+ 

Another and particularly troublesome amendment to the above 

definition of a loss cone must be made in order to allow for 

localized magnetic [Cummings, et al., 19661 or electrostatic or 

other [Mozer and Bruston, 19661 effects. For example [see Cummings, 

et al., 19661 the localized distortion of the geomagnetic field 

near an auroral electrojet can lead to a localized "magnetic bottle" 

and other effects not treated in the above definition of a loss cone. 

Nevertheless, this simplifying approach does permit qyanti- 

tative intercomparisons of satellite, rocket and ground-based 

data, and we continue to follow it generally here. 

3 . ELECTRON AND PROTON PRECIPITATIOU' 

I will continue to concentrate here on satellite observations 

of particle precipitation, even though ground-based balloon - or 
rocket-borne instrumentation have in many cases given vital data 
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impractical to attain with satellites that move across auroral 

structures with velocities of some 7 km/sec. Reviews of balloon- 

borne measurements have been given recently by Anderson and Milton 

[1964] while rocket studies have been summarized by Cummings, et al., 

[1966], and Mozer and Bruston [1966] and in several papers at this 

Institute, 

[1964], who tabulated experimental studies. 

A general related review has been given by Hultqvist 

The early satellite measurements of precipitated electrons 

were somewhat hindered by relatively primitive instrumentation in 

the most important electron energy range, viz 1 E 6 10 kev (see 
McIlwain, 1960) , Consequently, the early (d962-1964) studies 

were most concentrated on electrons with energy E > 40 kev, as 

detected by thin-windowed (1.2 mg cm ) geiger tubes (see, for  

example, O'Brien, 1964(a); McDiarmid and Burrows, 1965; also Mann, 

et al., 1964). 

e 

e "  -2 

An extensive summary of these studies was given by O'Brien 

[1964(b)] and Figures 2 and 3 are taken from that summary. In 

general, that survey showed, for electrons with E 2 40 kev at 
4000 km altitudes that 

e 

(1) the flux of locally trapped or quasi-trapped particles 
increased above auroras so as to maintain approximate iso- 

tropy over the upper hemisphere (see Part 11, O'Brien, in 

this Symposium); (whether such isotropy persists for all 

energies and at higher altitudes is one of the presently- 

unsolved major problems,) 

(2) the average world-wide energy dissipation by particle 
17 -1 precipitation in the auroral zones is 4 x 10 ergs sec 

or about 1% of the average energy brought by the solar wind 

to the front of the magnetosphere, with an average auroral 

z-,ne deposition of a few ergs cm sec ; 
-2 -1 
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( 3 )  the p r e c i p i t a t e d  f l u x  va r i ed  by a f a c t o r  of more than 
6 

10 i n  t i m e  and space near  the a u r o r a l  zone (see Figure  3)  

although no proper ty  of the  solar wind i s  known t o  vary by 

t h i s  amount: 

(4) t h e r e  i s  "alwaysii p r e c i p i t a t i o n  and ttalwaysii an aurora  

(see O'Brien,  B a r t  I1 i n  t h e  Symposium) near  the au ro ra l  zone, 

so that  the unknown source must be con t inua l ly  ac t ive .  (Ear ly  

t h e o r i e s  w e r e  concerned mainly wi th  t h e  "grea t"  auroras  that  

follow l a r g e  solar d is turbances  whereas r ecen t  theories have 

t r e a t e d  the continuous aurora ,  being encouraged s i n c e  t h e  solar 

wind and magnetosphere r o t a t i o n  are cont inuously present  a l so ) ;  

(5)  t h e  night-t ime au ro ra l  zone as found by photometers l ies  

near  the h igh - l a t i t ude  boundary o f  t rapping ,  although whether 

it i s  i n s i d e  or  o u t s i d e  o r  s t r add l ing  the boundary is p r e s e n t l y  

unknown (simply because p a r t i c l e s  wi th  a M 90 above auroras  may 

no t  be t r u l y  t rapped  i n  t h e  stable magnetosphere, b u t  one can- 

not  examine t h i s  problem s a t i s f a c t o r i l y  wi th  a s i n g l e  s a t e l l i t e ) .  

0 

McDiannid and Burrows [1965] have drawn a t t e n t i o n  t o  t h e  fact  

(not  ev ident  he re  i n  F igure  3 )  t ha t  there are occas iona l ly  extremely 

i n t e n s e  "sp ikes"  i n  space of e l ec t rons  w i t h  E 2 40 kev i n s i d e  t h e  

p o l a r  cap, i.e. a t  l a t i t u d e s  higher  than  t h e  so-cal led boundary o f  

t rapping .  

e 

Other  e a r l y  s a t e l l i t e  s t u d i e s  inc lude  the de tec t ion  wi th  In jun  1 

of the most in t ense  n a t u r a l  f l ux  y e t  found by a satel l i te ,  v i z ,  s o m e  

2000 e r g s  c m  sec o f  e l e c t r o n s  with energy E >, 1 kev [O'Brien and 

Laughi in ,  19621. I t  i s  i n t e r e s t i n g  t o  note t ha t  i n  s p i t e  of many 

y e a r s  of h igh-a l t i tude  measurements, no comparably in t ense  f luxes  

have been found near  t h e  equa to r i a l  plane.  S ince  t h e s e  f luxes ,  i f  

i s o t r o p i c  i n  t h e  e q u a t o r i a l  plane,  could no t  be contained o r  guided 

by  the ambient magnetic f i e l d  of some t e n s  of gammas [cf.  McIlwain, 

-2 -1 
e 
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19601 it i s  possible t h a t  i f  they occur i n  the e q u a t o r i a l  p l ane  a t  

a l l  (a po in t  no t  y e t  proven) it may be t h a t  they occupy such a 

s m a l l  so l id  angle  (say around <) t h a t  spinning satell i tes w i t h  

d i r e c t i o n a l  detectors would sample them i n e f f i c i e n t l y ,  i f  a t  a l l .  . 
McIlwain [1960] d r e w  a t t e n t i o n  t o  the  fact  t ha t  the  energy 

spectra o f  a u r o r a l  electrons were much softer than those of e l e c t r o n s  

then observed i n  the near-equator ia l  plane.  Th i s  experimental  d i f -  

fe rence  has now l a r g e l y  disappeared as probes have reached o u t  w i t h  

r e f i n e d  instrumentat ion to  some 1 2  t o  30 Re. S tudies  such as those  

by Konradi [1966] and by Bame, e t  al . ,  [1966] (see Figure 4) i n  

t h e s e  regions f i n d  electron spec t r a  n o t  c l e a r l y  d i s t ingu i shab le  f r o m  

s o m e  of those found i n  auroras.  Thus, although the  i n t e n s i t i e s  found 

t o  date i n  the e q u a t o r i a l  plane are n o t  as l a r g e  as found i n  auroras ,  

t h i s  may be l a r g e l y  due t o  experimental  l i m i t a t i o n s  mentioned above 

rather than t o  the lack of an i n t e r r e l a t i o n .  

The m o s t  d e f i n i t i v e  sa te l l i t e  s t u d i e s  of both e l e c t r o n  and 

proton p r e c i p i t a t i o n  have been  carried o u t  i n  seve ra l  short-durat ion 

( f e w  days ' )  f l i g h t s  by t h e  Lockheed group. Their "Input-Output" 

s t u d i e s  have been presented a t  t h i s  Symposium a l r eady 'by  Johnson 

and Meyerott, and I concentrate  here more on their p a r t i c l e  measure- 

ments alone. 

One of t h e  most dramatic f ind ings  i s  tha t  of t w o  s epa ra t e  

zones of e l e c t r o n  p r e c i p i t a t i o n  on t h e  dayside (Figure 5) .  Lower-  

energy e l e c t r o n s  (0.08 < Ee s 2 1  kev) w e r e  observed around magnetic 

l a t i t u d e s  75 N, whi le  higher  energ ies  w e r e  found around 69 N 

[Johnson, e t  a l .  , 1966; see a l s o  F r i t z  and Gurnett ,  19651 . T h i s  

f i nd ing  s t rengthens  the conclusion of O'Brien [1964(b)] that  the 

h i g h - l a t i t u d e  boundary of  trapping and the a i x o r z l  zoce are a t  much 

the  same loca t ion .  O 'Br ien ' s  [1964(b)]  data w e r e  based on h i s  

simultaneous observa t ions  of a u r o r a l  luminosity and p a r t i c l e  f luxes  

and w e r e  confined t o  l o c a l  night .  However, i n  1961, O'Brien 119631 

found t h a t  t h e  h igh - l a t i t ude  boundary of t rapping w a s  a t  i n v a r i a n t  

0 0 
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0 l a t i t u d e  A 69O a t  n igh t  and a t  A 75 i n  t h e  day during 

magnetically-quiet  condi t ions.  T h e  d a t a  of  Johnson, e t  al.,  E19661 

t h e r e f o r e  extend t h i s  i n t e r r e l a t i o n  of  au ro ra l  zone and boundary o f  

t rapping  t o  t h e  day-side also. Unfortunately,  i t s  t h e o r e t i c a l  im-  

p l i c a t i o n  i s  s t i l l  not  exac t ly  understood, although a magnetospheric 

model such as t h a t  of D e s s l e r  and Juday [1965] would lead  t o  such 

an i n t e r r e l a t i o n .  

The Lockheed f ind ings  o f  a "hard" and "sof t"  day l igh t  zone 

also serve  t o  reso lve  a controversy about t h e  a p p l i c a b i l i t y  o f  

O 'Br ien ' s  [1964(b)] f inding t o  t h e  dayside.  I t  w a s  pointed o u t  

(e.g. by N. B r i c e  a t  t h e  NATO Advanced Study I n s t i t u t e  on Radiation 

Trapped i n  t h e  E a r t h ' s  Magnetic F i e l d ,  Bergen Norway, August 1965) 

t h a t  peak daytime au ro ra l  dis turbance (e.g. as  measured by rio- 

m e t e r s  ) i s  a t  A 65 r a t h e r  than a t  t h e  daytime boundary o f  t rap-  

ping o f  A M 75 . Since r iometers  respond most e f f i c i e n t l y  t o  harder  

e l e c t r o n s  such as those  i n  t h e  lower- la t i tude  zone found by Johnson, 

e t  a l .  , [1966] , t h i s  discrepancy i s  removed, 

0 

0 

Extensive s t u d i e s  of  p r e c i p i t a t i o n  of low-energy pro tons  have 

been made m o s t  r ecen t ly  again by the Lockheed group [Sharp, e t  a l . ,  

1966; Sharp, e t  a l ,  1964; and Johnson, e t  a l . ,  19661 and earlier by 

Mihalov and Mozer [1963] . 
During a 2 1/2 day period o f  magnetic q u i e t ,  Sharp, e t  al.,  

[ 19661 found proton f l u x e s  over northern and southern aur.ora1 zones 

w i t h  a peak o f  about 0.3 e r g s  c m  sec . The s p e c t r a  appeared 

c rude ly  c o n s i s t e n t  wi th  exponent ia l  forms with e-folding energ ies  

of s o m e  10 t o  20 kev, and t h e  angular  d i s t r i b u t i o n s  appeared "con- 

s i s t e n t  with i so t ropy  over the loss cone t o  a f a c t o r  o f  about t w o . "  

W i t h  r e l a t i v e l y  f e w  s t a t i s t i c a l  saiiples *&G d i s t i n c t  dzytime Z O R ~ S  

w e r e  found wi th  maximum i n t e n s i t i e s  a t  i n v a r i a n t  l a t i t u d e s  e70 and 

77O, t o  be cont ras ted  with the  s i n g l e  night t ime m a x i m u m  a t  about 68 . 
Such zones o f  proton p r e c i p i t a t i o n  may be compared with e l e c t r o n  

p r e c i p i t a t i o n  discussed above (see Figure 5 ) .  

-2 -1 

0 

0 
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* 

Such bimodal daytime zones are worthy of considerable theo- 

retical attention. 

in longitudinal drifting of particles mirroring at low and high 

altitudes are being adopted by numerous workers, and other complex 

trajectory studies are being made (e.g. see Taylor and Hones, 1965), 

and it seems possible that in such studies lie answers to the 

fundamental questions, viz 

First-order approaches that invoke differences 

(a) where were these "auroral particles" ten seconds ago, 

or a day ago? 

how did they acquire their energy? 

how were they precipitated and what happened to them 

on the way? 

(b) 

(c) 

One associated problem that is receiving attention from the 

Rice University group is a photometric and rocket-borne experiment 

to seek alpha-particles in primary auroral fluxes, thus using the 

p/a ratio as a "tracer" to determine the source of these ions. 

The Lockheed group [Evans, et al., 19661 has made the very 

important simultaneous observations of low energy protons and electrons 

over the auroral zone. They found (Figure 6) that precipitated 

protons bring into the atmosphere an appreciable proportion (some 

10 to 20%) of the total input from electrons and protons. 

One of the most important measurements of auroral electrons 

is a determination of whether the differential energy spectrum 

has a pronounced maximum at a finite energy (say 1 kev). Such a 

condition could lead to growth of plasma instabilities (I am in- 

debted to Dr. C. McIlwain and Mr. R. LaQuey for stimulating spec- 

ulations on this problem). Unfortunately, it is not yet clear 

(from any experimentai measurements knovi~ to me) tht such a con- 

dition occasionally prevails. 

measure integral fluxes are inadequate to resolve this important 

matter, and differential instruments flown to date have had 

experimental uncertainties sufficiently large to obscure resolution 

Threshold-type detectors which 
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of this matter. 

problems to be resolved conclusively, and hopefully at various pitch 

angles above an aurora. 

I regard this as one of the must urgent experimental 

- 
Generalizations about characteristic energy spectra and time 

variations are difficult to make because each parameter is itself 
greatly variable with time and space. 

balloon-borne and some rocket-based studies have definitively 

demonstrated the existence of significant temporal variations 

(see Anderson and Milton, 1964) and their significance is not yet 
understood. Similarly, the significance of the widely-variable 

energy spectra is not yet understood. 

In any event, as yet only 

There is indeed a singular lack of coherence in any discussion 

of the above parameters. 

one of two sources: 
Such coherence may ultimately come from 

(a) an exhaustive and very comprehensive experimental study 

of several auroral events, or 

(b) from theoretical analysis of the causes, transportation 

and effects of such particle fluxes. 

Both these approaches are likely to take a considerable amount of 

time before there is a significant "break-through" in our com- 

prehension of the particle dynamics involved in auroral phenomena. 

Indeed, one of the major problems in studies of particle precipitation 

is not so much the implementation of an experiment, but rather the 
very formulation of what is a truly definitive and conclusive 

experiment. 
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FIGURE CAPTIONS 

, -  

Figure 1: Sketch of particle-environment domains i n  the  v i c i n i t y  

of the earth, 

Figure 2: Comparison of t h e  dependence on K (the p lane ta ry  
P 

magnetic dis turbance index) of t h e  maximum f l u x  of 

p r e c i p i t a t e d  e l e c t r o n s  and the maximum f l u x  o f  t rapped 

e l e c t r o n s  wi th  E > 40 kev, w h e r e  "maximum" p e r t a i n s  

t o  a survey over a l l  L va lues  a t  L > 3 ( a f t e r  O'Brien,  

1964 (b) , 

e 

Figure  3: Lat i tude  d i s t r i b u t i o n  of f l u x  of p r e c i p i t a t e d  e l e c t r o n s  

with Ee > 40 kev ( a f t e r  O'Brien, 1964(b) , 

the  v a r i a t i o n s  a t  a given l a t i t u d e  are real v a r i a t i o n s  

i n  t i m e ,  s i nce  t h e  s ta t i s t ica l  or sampling errors are 

neg l ig ib l e ,  

N o t e  tha t  

F igure  4: E lec t ron  energy spec t r a  found a t  1 7  R i n  the t a i l  of e 
t h e  magnetosphere ( f r o m  Bame, e t  al.,  1966) , 

Figure  5: Location o f  au ro ra l  zones as def ined  by p r ' ec ip i t a t ion  

of  e l e c t r o n s  and protons during both day and n igh t  

(after Johnson, e t  al.,  1966)- 

F igure  6: Comparison of t o t a l  energy deposited i n  t h e  atmosphere 

by p r e c i p i t a t e d  e l ec t rons  and pro tons  (after Evans, e t  al., 

1966) , 
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PART 11: SUMMARY OF SATELLITE 

OBSERVATIONS OF EMISSIONS 

1. INTRODUCTION 

Satellite or spacecraft observations of airglow and aurora 

emissions are relatively few in number if one excludes the manned 

spacecraft studies. Relevant measurements from unmanned space- 

craft are listed in Table I. Several visual and instrumental 

studies of airglow have been made by U.S. astronauts [cf. Gillett, 

et al, 19641 with principal findings relating to the height of 

the 557Zairglow emissions. 

auroral observations by the USSR Cosmonauts in their higher-in- 

clination orbits, but I know of no published scientific papers. 

There have been press reports of 

It is useful to summarize the reasons why one should trouble 

to make airglow or auroral observations from a satellite as dis- 

tinct from the ground. (I regard short-duration rocket-borne 

measurements here principally useful as exploratory probes rather 

than for systematic morphological studies) . 
Satellite-borne measurements have the following advantages: 

(a) they are made with no obscuring clouds and little 

absorbing or scattering atmosphere between the emission 

layer and the detector. Thus, one can study visible 

emissions with cloud-cover only a second-order problem 

(because of varied albedo) and one can study, for example, 

ultraviolet emissions at X 6 3800A which are absorbed at 
lower altitudes by ozone, etc. so that a ground-based 

instrument cannot measure them. 

(b) as a consequence of advantage (a) one can easily study 

daytime auroras by measuring W emissions where an aurora 

is bright but albedo and rayleigh scattering are weak, 

i.e., where the sunlit earth appears black. Suitable 
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spectral ranges are d400A to d800A. (This suggestion 

was first mentioned to the writer by Dr. F. Roach in 1961). 

(c) A satellite can rapidly make spatial surveys, particularly 

useful over uninhabited regions. 

(d) Particle detectors and other devices on a magnetically 

oriented satellite can be coribined with photometers to 

measure both auroral cause and effects (see Figure 1, 

[O'Brien and Taylor, 19641 ) or "input-output" effects 

[Johnson and Meyerott, this Symposium]. The logistic 

problems for the alternative approach using just particle 

detectors on a satellite and photometers on the ground 
was found to be relatively severe [O'Brien, et al., 19601. 

(e) The satellite orbit, being essentially fixed in inertial 

space and hence temporarily fixed in local time, can be 

utilized, e.g., to test hypotheses such as the one that 

auroral structures are more-or-less fixed in local time. 

Satellite observations of emissions do have unique potential 

sources of contamination, as summarized by O'Brien and Taylor [1964]: 

1. By sunlight scattering off the atmosphere of parts of 

the satellite. 

2. By similar moonlight effects. 

3 .  By reflection from the earth (variable depending on surface). 

4. By lightning. 

5. By man-made lights. 

6. By X-ray bombardment of the photometers producing enhanced 

current. ii dar'jc I t  

7. By heating of the photometers producing enhanced dark 

current. 

Experimental techniques to minimize these effects were presented 

by O'Brien and Taylor [1964]. An additional problem is the 



3 

quantitative correction necessary because- of variable albedo of 

the emission itself. We estimate that this sets an upper limit 

of f20% to the absolute accuracy of satellite observations. 

Historically, a far more serious problem seems to have been that 

the gods frown on photometric studies from satellites. For 

example, the 5577A photometer on Injun 1 operated perfectly for 

about 18 months, but its field of view was blocked by a highly- 

polished aluminum satellite, Greb, because a separation system 

failed [O'Brien and Taylor, 19641. Pnjun 2, with 5577A and 6300A 

photometers, was plunged into the ocean in January 1962 due to a 

rocket failure. 

have attempted photometric studies with four satellites that - one 
after the other - - sank into the ocean, [Elliott, private 

communication]. The observatory POGO or O W - I 1  was orbited 

satisfactorily, but its sophisticated orientation schemes failed 

and only about 2 hours of useful eclipsed data were acquired 

[Reed and Blamont, 19661. Consequently, a summary such as this 

note illustrates the major disadvantage of satellite studies of 

aurora and airglow emissions, V ~ Z ,  only four (4) successful 

launches out of twelve (12) attempts known to us. 

Elliott and his cdleagues of Aerospace Corporation 

2. AIRGLOW AND DAYGLOW 

Manned spacecraft data indicate an airglow layer some (24 f 3)km 

thick with an altitude varying between 77 km and 110 km [Gillett, 

et al. , 19641 . The principal result of importance was that the 
altitude of peak emission appeared to show a real variation in 

+ace. This is a problem of very great interest insofar as it bears 

on the chemical causes of airglow but it is a problem unresolvable 

by ground-based studies because of the inherent problems in the 

Van Rhijn technique, and unresolved by rocket flights (e.g. Packard, 

1961; Tavasova and Slepova, 1964; Nagata, et al., 1965; and O'Brien, 

et al., 1965) because of cost and related factors that limit the 
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number of f l i g h t s .  

Manned spacec ra f t  [ G i l l e t t ,  e t  al., 19641 and OSO-B d a t a  

[Ney, private communication] also  appear t o  show t h a t  t h e r e  i s  no 

dus t  l a y e r  of apprec iab le  opac i ty  a t  t h e  a i rg low l aye r s .  

The photographs made from manned s p a c e c r a f t  [ G i l l e t t ,  e t  a l . ,  

19641 also c l e a r l y  i n d i c a t e  l i gh tn ing  s t r o k e s  t h a t  can apprec iab ly  

contaminate sa te l l i t e  s t u d i e s .  E l l i o t t ,  [ p r i v a t e  communication] 

mentions t h a t  for par t  of  h i s  d a t a  t h e  " s a t e l l i t e  track followed 

a weather f r o n t  and the spurious s i g n a l s  c o r r e l a t e d  wi th  t h e  

weather s t a t i o n  reports of l i g h t n i n g  a c t i v i t y . "  

There are no pub l i shed  airglow d a t a  from unmanned spacec ra f t  

that  as y e t  add m a t e r i a l l y  t o  information c o l l e c t e d  f r o m  the ground. 

There i s  

such as: 

(a) 

genera l  support  of t h e  well-known gene ra l  c h a r a c t e r i s t i c s  

5577A airglow displayed an abso lu te  minimum a t  t h e  

equator ,  [ E l l i o t t ,  p r i v a t e  communication]. 

Airglow i n  t h e  green and b l u e  d i s p l a y s  a pa tch iness ,  

w i th  an i n t e n s i t y  v a r i a t i o n  of less than  s o m e  250%, 

[Hey, p r i v a t e  communication]. 

6300A emission r a t e  v a r i e d  i n  t h e  nightglow %25 t o  d 1 

photon c m  sec while i n  t w i l i g h t  it w a s  t y p i c a l l y  

20 t o  50 photons c m  sec , [Reed and Blamont, 19661. 

The airglow 5577A i n t e n s i t y  i s  roughly t h e  same a t  

l a t i t u d e s  j u s t  above and b e l o w  t h e  a u r o r a l  zone (e.g. 

see Figure  7 of O'Brien and Taylor ,  1964).  

- 3  - 
- 3  -1 

T o  da t e ,  f i v e  y e a r s '  o f  t hese  s a t e l l i t e  measurements known t o  
m n  IIIc- have yielded relatively l i t t l e .  However, it may be expected 

t ha t  f u r t h e r  sa te l l i t e  s t u d i e s  w i l l  c o n t r i b u t e  new and o r i g i n a l  

d a t a  t o  t h e  s tudy o f  airglow. For example, t h e  W spectrometer 

and an  ion  chamber are measuring mainly t h e  i n t e r e s t i n g  dayglow 

emiss ions  a t  1216A and 1304 A, [C. Barth,  p r i v a t e  communication and 

P. Mange, p r i v a t e  communication] . 
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3. AURORAL DATA 

Satell i tes have been much m o r e  f r u i t f u l  i n  s t u d i e s  o f  

a u r o r a l  phenomena. Their  p a r t i c u l a r  u t i l i t y  i s  i n  cause-and- 

e f f e c t  or  input-output s t u d i e s  (e.g., see Figure 1) where they 

have t h e  advantage over  ground-based measurements t h a t  d e t e c t  

on ly  t h e  " e f f e c t s "  o r  t h e  "output11, e.g. o f  a u r o r a l  l i g h t .  

I n  Figure 2 i s  p l o t t e d  t h e  simultaneous observat ion o f  an 

aurora  and i t s  cause as determined from t h e  magnet ical ly-or iented 

sa te l l i t e  In jun  3 [O'Brien and Taylor ,  19641 . Numerous o t h e r  

d e t e c t o r s  and a VLF experiment gave c o r r e l a t e d  d a t a  n o t  shown i n  

t h i s  f i gu re ,  Many such observat ions va l ida t ed  t h e  concept of  t h e  

"splash-catcher"  model, wherein it w a s  s t a t e d  t h a t ,  - i f  Van Allen 

and a u r o r a l  particles are r e l a t e d  a t  a l l ,  it is only  i n  t h e  sense 

t h a t  bo th  may have a common cause, r a t h e r  than i n  t h e  sense  t h a t  

I5e f i rs t  category is  t h e  o r i g i n  o f  t h e  second (e.g.8 see O'Brien,  

1964) . Furthermore, t h i s  measurement e s t a b l i s h e d  d i r e c t l y  f o r  

t h e  f i r s t  t i m e  on an event-by-event basis, t h e  very important 

a s s o c i a t i o n  between t h e  boundary o f  t rapping  and t h e  a u r o r a l  zone 

(see O'Brien, P a r t  I ,  this  Symposium). 

- 

From s o m e  f i f t y  night-time passes  o f  In jun  3 (see Figure 3 ) ,  

p r o f i l e s  of  i n t e n s i t y  o f  5577A and 3914A w e r e  der ived [O'Brien and 

Taylor ,  19641, Comparisons w e r e  made, f o r  example, between t h e  

l a t i t u d e  p r o f i l e  o f  t h e  mean 5577A i n t e n s i t y  and t h e  classical  

Ves t ine  and Sib ley  [1959] "auroral zone" of probability o f  v i s i b l e  

a u r o r a s  (Figure 4 ) .  A r a t h e r  m o r e  u s e f u l  graph (Figure 5) shows 

t h e  very  important fact  t h a t  i n  t h e  f i r s t  few months o f  

1963 t h e r e  w a s  a continuous emission o f  N 2  3914A i n  t h e  a u r o r a l  

zone. Since t h e  energy of e x c i t a t i o n  o f  t h i s  emission i s  s o m e  

19 ev,  it i s  gene ra l ly  agreed t h a t  i t s  e m i s s i o n  a t  n igh t  r e q u i r e s  

a source of  e n e r g e t i c  r ad ia t ion ,  e.g. , auro ra l  p a r t i c l e s ,  cosmic 

r a y s ,  X-rays, etc. [ s e e  O'Brien, e t  a l . ,  19651. F r o m  t h i s  it w a s  

+ 
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concluded that auroras are continuously present in the auroral 

zone, albeit occasionally with less than the threshold of visibility 

[O'Brien and Taylor, 19641. Accordingly, the source of auroral 

particles must be continuously active. This was verified by the 

same satellite [O'Brien, 19641. 

The Injun 3 data on 3914A emissions were also used to derive 

the average total energy deposited by auroral particles in the 

earth's atmosphere and comparisons were again made with direct 

measurements of the particles with the same satellite (see O'Brien 

Part I, this Symposium) . 
Evans, et al., [1966] have obtained information on both 3914A 

emission and middle W (d600A) auroral emissions. Several cases 

were found in which the intensity in each band was comparable, but 

in other cases the W intensity was considerably greater than that 

of the 3914A. The Lockheed group is currently studying particle- 

flux interrelations and characteristics that might lead to such 

real changes [Evans, private comunication] . 
In an earlier experiment, the Lockheed group made a satellite 

measurement of particle fluxes and compared this witti ground-based 

measurement of the auroral light [Sharp, et al., 19641. The com- 

bined study indicated that, in at least one rather unusual auroral 

form and in the regions of low-level luminosity outside of discrete 

forms, electrons of energy less than a few kev carried an appreciable 

fraction of the precipitated energy. 

Reed and Blamont [1966] obtained photometric data from a few 

passes over the northern polar cap, during relatively quiet geo- 

magnetic conditions (0321 and 1347 UT, October 23, 1965). Using as 

a first approximation the relatively zrzde assls~ptic?n that. the 

auroral emission was in uniform horizontal layers, they were able 

to deduce the altitude distribution of the emission of 6300A. In 

particular, they found that the evening (1700 hours local time) 

sunlit aurora had peak emission at 250 km, while the morning aurora 
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(0400 hours) had peak emission a t  s o m e  200 km. 

and information on the a c t u a l  h o r i z o n t a l  d i s t r i b u t i o n s  w i l l  be 

needed t o  v a l i d a t e  t h i s  i n t e r e s t i n g  finding. 

Fur ther  examples 

I n  genera l ,  it may be concluded then, t h a t  s a t e l l i t e  s t u d i e s  

of a u r o r a l  emissions have already provided uniquely va luable  data. 

However ,  I suggest h e r e  again t h a t  the p o t e n t i a l  va lue  of such 

s t u d i e s  has not  y e t  been r e a l i z e d ,  i n  l a r g e  p a r t  because of the 

i l l - f o r t u n e  mentioned above. 

4. FUTURE STUDIES 

It s e e m s  appropr ia te  t o  mention b r i e f l y  some of the research 

problems tha t  c u r r e n t l y  a w a i t  s a t e l l i t e - b o r n e  measurements of 

a u r o r a l  and airglow emissions. 

Te lev is ion  photography of auroras  i s  e s s e n t i a l l y  wi th in  the 

s ta te -of - the-ar t ,  and it is  planned to  f l y  s e n s i t i v e  v id icons  on 

the magnetically-oriented Rice University/NASA satel l i tes  code- 

named OWLS i n  the  f a l l  of 1967. The p a r t i c u l a r  a p p l i c a t i o n s  i n  

t h i s  p r o j e c t  are: 

(a) t o  study conjugacy of a u r o r a l  forms 

(b) t o  study au ro ra l  morphology (e.g. t o  examine t h e i r  l o c a l  

t i m e  dependence, the occurance or mul t ip l e  arcs, etc.)  

t o  relate the TV snapshots t o  data f r o m  numerous photo- (c) 

meters and p a r t i c l e  d e t e c t o r s  on t h e  same satell i tes.  

I t  may be u s e f u l  t o  note  here tha t  if the O w l s  and the i r  TV 

o p e r a t e  success fu l ly ,  then each w i l l  be able t o  provide once pe r  

w e e k  for i n t e r e s t e d  a u r o r a l  researchers ,  detai ls  and photographs 

of  a u r o r a s  i n  t h e  area magnetically-conjugate t o  each a u r o r a l  

observa tory  . 
On t h i s  same po in t  of  co l labora t ion ,  it i s  planned to  orbi t  

in the fou r th  q u a r t e r  of  1966 a R i c e  University/ONR sa t e l l i t e  code- 

named "Aurora 1" . T h i s  magnetically o r i e n t e d  s a t e l l i t e  will c a r r y  
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a particle detector to make in the northern hemisphere differential 

and integral spectral measurements of precipitated electrons and 

protons with energy of some 50 ev and 150 kev. Photometers will 

measure four auroral and airglow emissions. The satellite will 

transmit continuously in a simple FMLFSK mode suitable for easy 

reduction of data by interested auroral observers. 

Distant television photography of terrestrial auroras is 
another technique of potentially great value and currently within 

the state-of-the-art. One can easily envisage a TV base from the 

moon or - more simply - from a geostationary satellite so as to 
photograph both Aurora Borealis and Aurora Australis. 

with a high-inclination high-altitude satellite one could utilize 

an elliptical orbit to produce essentially a "zoom-lens" effect with 

varying spatial resolution. 

Alternatively, 

It may reasonably be expected then, that principal future 

progress in space-borne studies or auroral emissions will be in: 

(a) TV studies: 

(b) studies of W and other "obscured" emissions; 

(c) morphological or synoptic studies, and 

(d) coordinated studies in which related experiments are 

performed on the single satellite. 
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FIGURE CAPTIONS 

Figure 1: Use of a magnetically-oriented spacecraft to study 

simultaneously both auroral "cause" (io e. precipitated 

particles) and "effect" (i.e. emitted light) . Note that 
the geomagnetic field constrains and guides the charged 

particles as they spiral in to hit the atmosphere. 

Gravitationally-oriented satellites lack this advantage, 

although they have other advantages, e.g. they can view 

near horizon for brighter emissions and for altitude 

data. 

Figure 2: Simultaneous observation of an aurora and some of the 

precipitated particles that caused it. 

to isotropy of trapped and precipitated particles, as 

well as the rapid decrease in intensity of both at higher 

latitudes, i.e. above the "boundary of trapping" (from 

O'Brien, 1964)- 

Note the approach 

Figure 3: Samples of auroras detected by Injun 3. Note the decrease 

of intensity to the airglow plateau (from O'Brien and 

Taylor, 1964) . 
Figure 4: Comparison of Injun 3 3914A photometer data with Vestine's 

auroral isochasms. The satellite data came from some 

fifty northern hemisphere nighttime new-moon passes early 

in 1963 (from O'Brien and Taylor, 1964). 

Figure 5: Individual measurements of 3914A intensity as a function 

of latitiide during some fifty passes of Injun 3. The 

accuracy of each datmi p i n t  is very zzch better than the 

scatter of points at a given latitude. Note that there 

is always finite emission in the auroral zone (from 

O'Brien and Taylor, 1964). 
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TABLE 1 

unmanned Spacecraft Used In 

Airglow/Aurora Studies 

SPACECRAFT OPERATIONAL LIFE INSTRUMENTS XRGLOW/AURORA REFEREN. .E 

Injun I June 29, 1961 - 5577A Obscured O'Brien [ 19641 
I January 1963 Photometer 

USAF Nov. 6, 1962 5577A 
I IJ X Elliott, et al., (two orbits) Photometer 

6300A 
Photometer J 

[1963, private 
communication] X 

Injun 3 December 1962 - 557724 
September 1963 Photometer IJ J O'Brien and 

I (Complete lifetime) Taylor [ 19641 

I Photometer X J 

Photometer .J J 

3914A ~ 

I 

I 

5577A 

OSO-B February 1965 - 2 prs. Photometers Ney [Private 
I (4300 f 500) ; communication$ 1966 

(Complete lifetime) (5200 f 5 0 0 ) A  J xa 

ow-I1 October 14, 1965 - 6300A 
October 248 1965 Photometer J 
( 4 0  hrs. opera- 
tional with =2 hrs. 
in eclipse). 

Multiple emission 
Photometer J 

W ion chambers 
(1230-1350A, LYU) J 

W spectrometer 
(1100-3400A) J 

Reed and 
J Blamont [ 19661 

J 

Mange [Private 
X communi cat ion] 

Barth and 
X Wallace [Private 

commun ica t ion] 
~~ ~ - ~~~ ~~ ~~ ~ 

USAF November 1965 2- 39 14A 
Evans, et al,, 
[ 19661 

(125 auroral-zone Photometers X .J 

(4300-1800) A J .J 
2 - W  Photometers crossings) 

= indicates this phenomenon could be detected in the experiment. 

X = indicates phenomenon could not be detected in the experiment. 
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